Methods: A Perspex thorax phantom was used to simulate a patient. Three wooden 'lung' inserts with embedded Perspex 'lesions' were moved up to 4 cm with computer-generated motion patterns, and up to 1 cm with patient-specific breathing patterns. The phantom was imaged on 4DCT and CBCT with the same acquisition settings used for stereotactic lung patients in the clinic and the volumes on all 2 phantom images were contoured. This project assessed the volumes for qualitative and quantitative changes including volume, length of the volume, and errors in alignment between CBCT volumes and 4DCT MIP ITV contours.
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Results: When motion was introduced 4DCT and CBCT volumes were reduced by up to 20% and 30% and shortened by up to 7mm and 11mm, respectively, indicating that volume was being underrepresented at the extremes of motion. Banding artefacts were present in 4DCT MIP images, while CBCT volumes were largely reduced in contrast.
When variable amplitudes from patient traces were used and CBCT ITVs were compared to 4DCT MIP ITVs there was a distinct trend in reduced ITV with increasing amplitude that was not seen when compared to true ITVs. Breathing patterns with a rest period following expiration resulted in well-defined superior edges and were better aligned using an edge-to-edge alignment technique. In most cases sinusoidal motion patterns resulted in the closest agreements to true values and the smallest misalignments.
Conclusions:
Strategies are needed to compensate for volume losses at the extremes of motion for both 4DCT MIP and CBCT images for larger and varied amplitudes, and for patterns with rest periods following expiration. Lesions moving greater than 2 cm would warrant larger treatment margins added to the 4DCT MIP ITV to account for the volume being underrepresented at the extremes of motion. Lesions moving with a rest period following expiration would be better aligned using an edge-to-edge alignment technique. Sinusoidal patterns represented the ideal clinical scenario, reinforcing the importance of investigating clinically relevant motions and their effects on 4DCT MIP and CBCT volumes. Since most patients do not breathe sinusoidally this may lead to misinterpretation of previous studies using only sinusoidal motion.
I. INTRODUCTION
The complexity of stereotactic radiotherapy, typified by very large radiation doses in a few fractions, is further complicated by motion of the lung tumour caused by patient respiration. Four-dimensional CT (4DCT) imaging is commonly used to generate an internal target volume (ITV) contour that represents the volume in which the tumour moved throughout patient respiration. This ITV contour, from a maximum intensity projection (MIP) image, is then used to generate the radiotherapy plan. Any error in ITV contouring as a result of inaccurate imaging could result in a systematic error carried through to patient treatment. Cone-beam CT (CBCT) is a common volumetric imaging modality used to align the stereotactic lung patient prior to treatment by matching the visible tumour volume to the ITV contour on the planning CT scan. Cone-beam CT imaging is popular because the imager is conveniently mounted on the treatment machine; however, due to its slow (~60s) imaging and blurred reconstructions of moving targets it may be unable to fully capture the tumour excursion.
Patient alignment using 3D CBCT and planning scan contours is currently done with a best-fit centre-to-centre alignment of the visible CBCT volume to the planning CT scan. If blurring from motion reduced the visibility of the tumour on CBCT then this may affect centre-to-centre alignment (Fig. 1) . Four-dimensional CT ITVs from sinusoidal and irregular breathing patterns have been analysed volumetrically and are reported in the literature, [1] [2] [3] as have CBCT ITVs from sinusoidal patterns. 2, 4 However, the effect that irregular patterns have on CBCT ITVs
has not yet been analysed in 3D, only 2D, 5 and there have been no reports on the alignment of CBCT ITVs to 4DCT MIP ITV contours as a result of irregular breathing patterns. This project addresses both of these previously unreported aspects.
The aim of this work is to investigate the effect that irregular breathing patterns have on the tumour ITV and alignment of the two imaging modalities used to plan and align the stereotactic lung patient; namely 4DCT maximum intensity projection (MIP) images and CBCT, respectively. The term ITV is used here to define the volumes in which the lesion moved on both 4DCT MIP and CBCT images. To accomplish the aim of this work, various lung lesions in a thorax phantom were moved with regular and irregular patterns of motion, imaged using 4DCT and CBCT, and all ITVs were analyzed both qualitatively and quantitatively. Clinical relevance was a focus of this work so the imaging acquisition settings and contouring tools used were the same as would be used for stereotactic lung patients in the clinic. 
II. MATERIALS AND METHODS

II.A. Phantom equipment
A QUASAR™ Programmable Respiratory Motion Phantom (Modus Medical
Devices Inc., London, Ontario, Canada) was used to simulate a lung SBRT patient, driven using both generated and patient-specific breathing patterns.
A MATLAB script was used to import patient respiratory data and generate irregular motion patterns. These commands were uploaded to Modbus motor control software.
Three different sized Perspex 'lesions' centrally embedded in wooden 'lung' inserts were custom built for this project to reflect both the range of tumour volumes treated with lung SBRT and the imaging contrast between tumour and healthy lung tissue. The wooden cylinders (ρ ~ 0.40 g/cm 3 ) were 8 cm x 17.5 cm (diameter x length), and the Perspex lesions (ρ ~ 1.13 g/cm 3 ) were cylindrical in shape with diameters and heights of 15x15 mm, 30x30 mm, 40x40 mm, and volumes of 2.65 cm 3 , 21.21 cm 3 , 50.27 cm 3 , respectively. The phantom design constrained the lung insert motion along the superior-inferior (SI) axis.
Four computer-generated breathing patterns were created: a) sinusoidal, b) inspiration length less than expiration, c) inspiration length greater than expiration, and d) inspiration length roughly equal expiration followed by a rest period (Fig. 2 ).
For these breathing patterns the lesions reached the peak amplitudes at each extreme.
Six SBRT lung patient breathing traces were also used to move the inserts in the QUASAR™ phantom. These patterns were captured using Varian ® RPM system during CBCT acquisition at treatment mock-up for the patient and processed by the MATLAB-based stepper motor controller software.
The peak to peak amplitudes of motion used for the four computer-generated breathing patterns included 1 cm, 2 cm, and 4 cm and these were adjusted manually on the phantom. The maximum amplitudes used for the six SBRT lung patient breathing patterns matched the patients' SI tumour excursions as seen on 4DCT, and are listed in Table III. FIG. 2. Computer-generated breathing patterns used to move the small, medium, and large lesions: a) sinusoidal, b) inspiration less than expiration, c) inspiration greater than expiration, and d) equal inspiration and expiration followed by a rest period. The labels 'Insp' and 'Exp' correspond to the inferior and superior positions of the tumour, respectively, as they would in a patient.
II.B. Phantom imaging
II.B.1 4DCT
A Philips Motion tracking for image reconstruction during 4DCT was done using the Bellows System (Philips Medical Systems, Bothell, WA). The phantom was scanned using the same imaging protocol as SBRT lung patients are scanned in clinic.
II.B.2 CBCT
Cone-beam CTs were acquired using a Varian Reference CBCT images were acquired of the stationary phantom housing the small, medium, and large lesions. Images were then acquired using each of the 4 computer-generated breathing patterns with every combination of lesion size and amplitude. Cone-beam CT scans were then taken using the 6 SBRT lung patient breathing patterns matched to the patient-specific lesion size, and tumour amplitude. 
II.C. Contouring ITVs
Contouring of phantom
III. RESULTS
III.A Computer-generated breathing patterns
III.A.1 Qualitative effect of motion on ITVs
Up to a 2 cm peak to peak amplitude the 4DCT MIP ITVs captured the motion of the lesions with a roughly even distribution of contrast ( 
III.A.2 ITV and ITV length
The measured 4DCT MIP ITVs and ITV lengths were compared to the true ITVs and ITV lengths for the small, medium, and large lesions moved 0 cm, 1 cm, 2 cm, and 4 cm with the 4 computer-generated breathing patterns (Fig. 4) . True ITV and ITV lengths were calculated based on an object of known geometry moved a known distance. 4DCT MIP ITV values of moving targets were smaller than the true volumes for all lesion sizes irrespective of breathing trace and amplitude, with a distinct trend in volume reduction from true volume with increasing amplitude. Volumes were reduced by up to 20% and shortened by up to 7 mm with motion. Trace A (sinusoidal motion) typically showed the smallest reductions in 4DCT MIP ITVs and ITV lengths when motion was introduced, particularly for the medium and large lesions.
The measured CBCT ITVs and ITV lengths were compared to the true ITVs and ITV lengths for the small, medium, and large lesions moved 0 cm, 1 cm, 2 cm, and 4 cm with the 4 computer-generated breathing patterns (Fig. 5) . The CBCT ITVs were smaller and shorter than the true ITVs and ITV lengths for all lesion sizes irrespective of breathing trace and amplitude. Cone-beam volumes fared worse than 4DCT volumes being reduced by up to 30% and shortened by up to 11 mm with motion. There was not a distinct trend in reduction of CBCT ITV with increasing amplitude as was evident in the 4DCT data; however, this is related to the various window/level settings used to auto-threshold contour CBCT ITVs of moving objects when only one window/level setting was required to contour 4DCT MIP ITVs. Again, Trace A (sinusoidal motion) typically showed the smallest reductions in measured CBCT ITVs and ITV lengths when motion was introduced. The patterns of ITV length shortening followed the same patterns of ITV reduction for both imaging modalities indicating that volume was being underrepresented at the extremes of motion. 
III.A.3 Alignment of ITVs
The alignments of CBCT ITVs to 4DCT MIP ITV contours were generally limited to image sets from the same breathing pattern between 4DCT and CBCT.
With motion limited along the SI axis the SI shifts were of particular interest for analysing the translational shifts required. The SI shifts required to visually align CBCT ITVs to 4DCT MIP ITV contours of lesions moved with Trace A, B, and C are listed in Table I , as are the results from both centre-to-centre alignments and edge-toedge alignments for lesions moved with Trace D. (Table II) . Comparing 
III.B SBRT lung patient breathing patterns
III.B.1 Qualitative effect of motion on ITVs
Since the maximum amplitudes for the patients' lesions were all less than 1 cm there were no banding artefacts in the phantom 4DCT MIP ITVs, and most of the lesions on CBCT had similar contrast to their corresponding 4DCT MIP images. The exception was the CBCT of Patient 6 that had been notably blurred as a result of being moved with the largest amplitude of approximately 1 cm. This will allow comparison to data presented in the literature. The 4DCT MIP and CBCT ITVs were always smaller than the true ITVs. (Fig. 4) . Conebeam CT ITV reductions remained on the same magnitude for both variable amplitudes and constant amplitudes (Table III and Fig. 5 ).
III.B.2 ITV, ITV length and alignment
The measured 4DCT MIP and CBCT ITV lengths compared to the true ITV lengths for the small and medium lesions moved with the 6 SBRT lung patient breathing patterns is presented in Figure 6 . In all cases the lengths of 4DCT MIP ITVs and CBCT ITVs were less than the true ITV lengths. For alignment of CBCT ITV to the 4DCT MIP ITV contour from patient breathing traces the greatest SI shift was 1.1 mm (Table III) and this related to the CBCT ITV length that was shortened by the largest amount of 6.6 mm. Large misalignments were not seen for patient breathing patterns due to the maximum amplitudes all being less than 1 cm.
Amplitude (mm) computer-generated and 6 patient-specific patterns of motion were studied and it was lesions that exhibited a rest period following expiration that revealed two interesting findings. Firstly, the superior edge of the CBCT ITV was more clearly visible compared to the inferior edge that was blurred and, in some cases, indistinguishable from the background. Secondly, there was a shift of the centre of the visible CBCT ITV away from the centre of motion, particularly for smaller lesions moving with large peak to peak amplitudes. If the centre of a CBCT ITV with one blurred or missing edge was matched to the centre of the 4DCT MIP ITV, then this could result in a misalignment of SBRT lung patients. Given the complexity that some patient breathing patterns can exhibit, including large amplitude variations and sizeable baseline drifts, the findings of this study are limited to breathing patterns with rest periods similar to those investigated in this study.
The advent of 4D CBCT has recently become clinically available with the ability to acquire a set of 3D CBCT images that illustrate the various tumour positions during image acquisition. 6, 7 By increasing the scan time and acquiring more projections in all breath phases, this imaging modality has the ability to almost eliminate the blurred images that conventional 3D CBCT reconstructs of a moving target, enabling a more accurate patient alignment if the minimum and maximum excursions are clearly visible.
5,8
The downside at this point in time is 4D CBCT is not as commonly available as 3D CBCT. In the absence of 4D CBCT, the below discussion outlines the qualitative and quantitative assessment of the measured volumes, the scope of the analysis, and the clinical recommendations based on the measured results.
IV.A Qualitative analysis
Banding and blurring artefacts in 4DCT MIP images from sinusoidal and irregular motion have been reported in the literature, [9] [10] [11] and were particularly evident here for the small lesion moving greater than 2 cm. It may be worth considering reducing the couch pitch factor and/or reducing the slice thickness for when the imaging plane is directly overtop of and capturing lesions with large displacements or fast motion.
Imaging moving objects with CBCT resulted in a marked reduction in contrast 
IV.E Clinical implications and recommendations
The 
V. CONCLUSION
The effectiveness of stereotactic lung radiotherapy is dependent on the accuracy of the imaging used for treatment planning and patient alignment. As the majority of patients breathe with irregularities in pattern and amplitude the investigation of more clinically realistic motion patterns has been an important one.
Isotropic 5 mm 4DCT MIP ITV to PTV margins would be suitable for lesions that move with amplitudes less than 2 cm as 4DCT MIP ITV reductions are not large.
Anisotropic margins in the direction of motion should be considered for lesions moving greater than 2 cm. Breathing patterns should be acquired during CBCT imaging of the stereotactic lung patient and if the pattern has a rest period following expiration then an edge-to-edge alignment technique should be adopted. This project has highlighted a need to monitor tumour amplitude and patient breathing patterns during both planning CT imaging and CBCT imaging as this additional information can be used to more accurately contour the 4DCT MIP ITV and align the lung patient prior to their stereotactic radiotherapy treatment.
